Complications and shortcomings of volar plating, which is very widely used for surgical treatment of distal radius fractures, are well known. Thus, there is scope for alternative innovative surgical methods. In the present work, we used the finite element analysis method to compare the biomechanical performance of a model of a construct comprising a simulated distal radius fracture considered fixated using a notional intramedullary injectable bioresorbable polymer-bioresorbable balloon osteosynthesis system ("fixator") versus using a commercially-available volar locking plate (VP). The biomechanical parameters determined were longitudinal stiffness and factor of safety under each of the applied loads. For the fixator model, 1) each of the biomechanical parameters was markedly influenced by fracture gap fill ratio (FGFR) (defined as the proportion of the volume of the fracture gap that is considered occupied by the expanded polymer-filled balloon) but not by modulus of elasticity assigned to the polymer; 2) with FGFR = 100%, stiffness was comparable to that of the Ti-6Al-4V alloy VP construct model; and 3) stiffness was within the range of literature values for stiffness of constructs comprising simulated fractures in fresh cadaveric distal radii fixated using metal volar locking plate. These results suggest that the fixator may be an alternative modality to metal volar plating and, as such, deserves further evaluation.
Introduction
Distal radius fractures (DRFs) are a common occurrence, by some reports accounting for ∼17% of all fractures and ∼8% of all bony injuries presented in emergency rooms/departments [1] [2] . There is a very large and diverse assortment of treatment/management modalities for these fractures. Examples are cast immobilization only; closed reduction and fixation with percutaneous Kirschner wires only; and open reduction and internal fixation with a volar locking plate, dorsal locking plate, percutaneous Kirschner wires in combination with a non-bridging cross-pin fixator, a system comprising an expandable intramedullary cage and fragment-specific screw fixation, intramedullary nailing, or a photodynamic system (comprising a light-curable polymer contained in an inflatable balloon catheter) [3] [4] [5] . For a given fracture type, there is lack of consensus on the optimal treatment modality [4] [6] [7] [8] [9] . Nonetheless, for certain types, the volar locking plate is very widely used [6] [7] [8] . In fact, some have referred to this system as becoming "the treatment of choice" in cases where surgical treatment is deemed appropriate [9] . However, complications after fixation with this system, such as rupture of tendon(s), and its shortcomings, such as delay in wound healing, are well known [10] . Thus, there is scope for development of a new generation of innovative modalities as an alternative to the volar locking plate system.
In our recent contribution, we presented the conceptual features of one such modality, namely, the prototype of a novel intramedullary injectable bioresorbable polymer-bioresorbable balloon osteosynthesis system (for short, "injectable bioresorbable polymer fixator") and results of an in vitro experimental biomechanical evaluation of a construct that comprised a simulated fracture created in a synthetic distal radius and fixated using the fixator [11] . In brief, it is envisaged that using the fixator would involve creating an entry portal into the fractured bone, using a flexible cannulated drill to prepare the intramedullary canal, inserting a compliant balloon catheter into the bone, reducing the fracture, injecting a bioresorbable polymer into the balloon, expanding the balloon to fully conform to the shape of the canal, and allowing the polymer to cure. In that study, we found that each of the determined biomechanical parameters of a construct that included the fixator was comparable to that when fixation was with a commercially-available volar locking plate [11] .
The notion of an injectable bioresorbable fixator is a very recent addition to the literature. As such, a parametric biomechanical study involving the fixator by itself and, more importantly, in comparison with a volar locking plate is lacking. The finite element analysis (FEA) method is particularly suited to this type of work. Thus, the purpose of the present study was to use the FEA method to perform a parametric biomechanical study of models of these two types of constructs.
Materials and Methods

Intact Model
To obtain the intact solid model, a statistically-averaged three-dimensional solid A. Zysk, G. Lewis World Journal of Engineering and Technology model of the bony anatomy of the intact distal radius [12] was exported into a commercial-available solid model software package (NX (Siemens Plano, TX, USA), scaled, and, then, divided into cortical bone and cancellous bone sections using a ratio of ∼1:5, respectively [13] .
FEA using this solid model was carried out in four steps (Figure 1 ).
In the first step, the intact solid model was exported into a commercially-available finite element analysis package (NX NASTRAN; MSC Software Corp., Newport Beach, CA, USA), where it was meshed using 2 mm-thick four-noded tetrahedral elements; a surface-to-surface gluing contact parameter was inserted at the interface of the cancellous bone and the cortical bone, in order to prevent movement between the meshes of these regions at the interface; values were assigned to the elastic moduli and Poisson's ratios of the cortical bone and the cancellous bone (Table 1 ); and the model was constrained in both rotation and translation at its most proximal location. For load application, a point on the articular surface collinear with the intramedullary canal was defined and, then, a second point collinear with but 5 mm above the first point was defined and joined by rigid beam elements to distribute the load (100 N) to a single point of contact, along the vector defined by the two points of the elements. The output parameters obtained were longitudinal displacement of the construct (and, hence, the maximum displacement) and the von Mises stress distribution contour (and, the maximum von Mises stress). Von Mises stress is a composite of the net normal and net torsional stresses in a component, developed in response to the applied loadings. Normal stresses are due to axial force(s) and/or bending moment(s) and torsional stress are due to direct shear force and/or torsional moment(s) (torque(s)). In the second step (convergence exercise), the aforementioned steps were repeated using other mesh densities (but with the same element type). The purpose here was to obtain a convergence point, this being the point at which successive change in mesh density produced a change of <5% in each of the output parameters. The resulting model is termed, "the converged intact finite element model." In the third step (validation exercise), the output parameters obtained using the converged intact finite element model were compared to experimental results obtained using fresh cadaveric distal radii, as reported in the literature. At that point, if agreement between the two sets of results was deemed unacceptable, adjustments were made to the solid model and the first two steps were repeated until excellent agreement A. Zysk, G. Lewis was achieved, thereby yielding the converged and validated intact model (INTACT Model). In the fourth step, the INTACT Model was subjected to loads (10 N, 25 N, 50 , and 100 N) and, under each of these loads, the longitudinal displacement contour of the model (and, hence, the maximum displacement) and the von Mises stress distribution contour (and, hence, the maximum von Mises stress) were obtained. Longitudinal stiffness of the model was determined as the slope of the best-fit linear plot of load versus maximum longitudinal displacement.
Simulated Fractured and Fracture-Fixated Models
The simulated fracture solid model was obtained by copying INTACT Model and placing a planar gap in it, 4 mm wide and centered 25 mm from the most distal portion of the model. This model is designated FRACTURE Model.
Three steps were taken in constructing the solid model of the construct comprising the simulated fracture and the fixator. First, FRACTURE Model was copied and then an intramedullary canal (diameter and length = 5.00 mm and 9.85 mm, respectively) [17] was extruded and then subtracted from it. Second, a rod, with diameter = 5 mm and length = 75 mm (considered fabricated using a bioresorbable polymer), was placed in the canal. Third, the region between the fracture gap and the intramedullary rod was considered filled with a plug of the same bioresorbable polymer. This model is designated FIXATOR CONSTRUCT Model. 3 variants of this Model were created, the difference being in the fracture gap fill ratio, defined as the proportion of the volume fracture gap that is filled with the polymer-filled balloon. Each of these variants was meshed using the same method as was used for INTACT Model, with one addition, this being insertion of a surface-to-surface gluing contact parameter at the interface between the intramedullary rod and the cancellous bone in order to prevent movement of the meshes of these two regions at the interface. Furthermore, for each of these three variants, three different moduli of elasticity were assigned to the bioresorbable polymer (Table 1) . Thus, 9 FEA cases were run (Table 1) , using four loads (10 N, 25 N, 50 N, and 100 N) in each case. The output parameters in each combination of case and applied load were the longitudinal displacement contour (and, hence, maximum displacement) and the von Mises stress contour (and, hence, maximum von Mises stress). From the former parameter, longitudinal stiffness was calculated as described earlier and from the latter parameter the factor of safety against elastic failure of the model was calculated as the ratio of the compressive strength of the assigned injected bioresorbable polymer (Table 1) to the maximum von Mises stress.
The solid model of the construct containing the simulated fracture and the volar locking plate (VOLAR PLATING CONSTRUCT Model) was obtained by copying FRACTURE Model and then positioning the volar plating system (plates and screws) having the same features as those of a commercially-available Ti-6Al-4V alloy fixed-angle metal volar locking plate system (D-RAD SmartPack ® ; Smith & Nephew Orthopeadics, Memphis, TN, USA) on the distal aspect World Journal of Engineering and Technology of the volar rim, as close to but not exceeding the watershed line. A small gap was left between the bone and the plate to represent the physical contact limitations of an actual bone plate and the different patient anatomies. The variable-angle feature of the locking holes was removed. Screws were then projected from the locking holes through the bone. Only locking holes were considered for screw placement, resulting in six screws filling the head of the plate and three screws in the shaft. (The slot does not contain locking features.) The model was meshed, as described above, but with the additional feature of a surface-to-surface gluing contact inserted at each of the following interfaces: volar plate-locking screw; locking screw-cancellous bone; and cortical screw-cortical bone. FEA was conducted on four variants of the Model, the difference being in the material assigned to the plate and the screws (and, hence, moduli of elasticity and Poisson's ratios for these materials; see Table 1 ). For each of the cases run, the output parameters were the same as for the FIXATOR CONSTRUCT Model cases, but with factor of safety calculated as the ratio of the compressive strength of the assigned plate/screws material (Table 1) to the maximum von Mises stress.
Results
All the converged finite element models, sample longitudinal displacement contour, and sample von Mises stress distribution contour are given in 
Discussion
The optimum treatment method for a given DRF type remains a very controversial subject [6] [7] [8] [9] . Although volar plating is the most popular surgical modality [9] , complications, such as carpal tunnel syndrome and rupture of tendon(s), are often reported [10] . Thus, research continues for alternative surgical modalities to volar plating, such as the notional one (injectable bioresorbable polymer fixator) presented in the present work. It is pointed out that although there are balloon fracture reduction systems in current clinical use [5] [19], the present fixator differs from these systems in two ways. First, some of the current systems are not specifically designed for fixation of DRFs; thus, for example, they have been used in fixation of calcaneal fractures [19] . Second, and, more importantly, in many cases, reduction of the fracture by these current systems is followed by injection of a bone cement (usually, calcium phosphate cement) or an adjunctive hardware [5] , whereas, in contrast, as envisaged, the present fixator will not require any such support. Both the type and location of the simulated fracture pattern we used in the study (extra-articular metaphyseal fracture of the distal radius, with a planar gap of 4 mm, positioned 25 mm below the distal surface) is clinically relevant because there are reports of patients presenting with this fracture pattern in emergency rooms, trauma centers, and hospitals [20] .
The range of compression load used in the present work (10 N -100 N) is within the range of compressive force experienced in the metaphysis of the distal radius during grip tightening exercises performed as part of a rehabilitation regimen following surgical fixation of a DRF [21] . The assigned elastic moduli of the bioresorbable polymers used in the parametric studies of FIXATOR CONSTRUCT Model are within the range of those of bioresorbable polymers either used in an approved dorsal locking plate (Reunite®; Biomet, Inc., Warsaw, IN, USA; co-polymer of poly(l, lactide) (PLLA) and poly (glycolic acid) (PGA) A. Zysk, G. Lewis World Journal of Engineering and Technology [22] ), or been proposed for use in plates and screws in DRF plating systems (PLLA) [23] , or proposed by the present workers for evaluation of the present fixator system (RESOMER®; Sigma-Aldrich, St. Louis, MO, USA; co-polymer of PLLA and PGA) [24] . The three materials used in the parametric study of VOLAR PLATING CONSTRUCT Model are those that are used in the fabrication of volar locking plate systems used in current clinical work; for example 1) D-RAD SmartPack® (Smith & Nephew Orthopaedics, Memphis, TN, USA; Ti-6Al-V alloy); 2) LCP (Synthes, West Chester, PA, USA; 316 stainless steel), and 3) DiPHOS-RM (Lima Corporate, Udine, Italy; carbon fiber-reinforced poly(etheretherketone)).
There are a number of applicable experimental studies published in the literature in which fractures in cadaveric distal radii were fixated using Ti alloy or stainless steel volar locking plate systems (see Table A1 in Appendix). Applicable literature studies are herein defined as ones that have the following characteristics: fracture type simulated and method of creation of the gap are each similar to those used in the present study; tested using fresh-frozen cadaver distal radii; loaded using a protocol that in whole or in part is the same as that used in the present study; and fixation using a Ti alloy or stainless steel volar plate that utilizes screws. However, two caveats are to be noted. First, in the present work, it was assumed that the bones were not osteoporotic, whereas, in some of the applicable literature studies, information was not given on the bone quality of the cadavers used [26] [27] [28] [32] . Second, the size of the gap of the simulated fracture in the present work is smaller than that in the aforementioned literature studies (4 mm versus 10 -15 mm). Keeping in mind these differences, the stiffnesses of the metal cases (Cases 1 and 2) in VOLAR PLATING CONSTRUCT Model (551 and 441 N•mm −1 , respectively) are within the range of values reported in the aforementioned literature studies (see Table A1 in Appendix). This observation lends credence to the present results obtained using Volar Plating Construct and, by extension, to the present FIXATOR CONSTRUCT Model results. Furthermore, the stiffnesses of the FIXATOR CONSTRUCT Model cases are within the range of values reported in the aforementioned literature studies (see Table A1 in Appendix). It is also worth pointing out that the present FEA results buttress those obtained in our experimental biomechanical study of these two constructs [11] .
There have been a number of literature FEA studies that include a model of the distal radius [33] - [41] ; however, for five reasons, the results in the present work cannot be compared to those in any of these literature studies. First, in some of the literature studies, only a model of the intact distal radius was analyzed and the focus was determination of failure load of the distal radius [33] [34] or prediction of Colles' fracture load [35] [36] . In other words, these studies were conducted to investigate bone mechanics and fracture (especially, the role played by bone mineral density in these aspects) rather than within the context of evaluation of surgical fixation of DRFs. Second, in literature studies in which a model of the simulated fixated fractured distal radius was analyzed [33] [39] World Journal of Engineering and Technology [40] , with one exception [33] , the investigations were on variants of a dorsal plating system [39] [40] . In the study of a volar plating system, Lin et al. [33] did not present results for stiffness of the construct. Third, an intact model was not included in any of the literature studies on fixation methods [33] [38] [39] [40] [41] . Fourth, there are no literature FEA studies that involve comparison of fixation using a volar plating system and one using a novel system. Fifth, there are no literature FEA studies on a volar plating system that included determination of the influence of the variables investigated in the present work on biomechanical parameters of the system. Two principal findings in the present work are: 1) stiffness of Injectable Polymer Fixator Construct Model with fracture gap fill ratio = 100% (regardless of the assigned modulus of elasticity of the polymer) is comparable to that of a construct model that contains a Ti-6Al-4V alloy volar locking plate; and 2) computed factor of safety of Injectable Polymer Fixator Construct Model that has a fracture gap fill ratio = 50% or 100% (regardless of the modulus of elasticity of the polymer) is comparable to that of a construct model that contains a stainless steel volar locking plate. These results suggest that the Injectable Polymer Fixator system may be a plausible alternative to a metal volar locking plate. The aforementioned principal findings point to a potential challenge in the clinical use of the injectable polymer fixator, which is to ensure that a fracture gap fill ratio of at least 50% is obtained. Discussion of suggestions of methods to achieve this is outside the ambit of the present study.
The present study has a number of limitations. First, the solid model of the intact distal radius was constructed using a statistically-averaged solid model that comprised only the cortical bone. Thus, we manually created, from this model, the cortical bone shell and the cancellous bone core. Even though the demarcation between these two types of bone was in conformity with published literature information, we recognize that the final geometry obtained using this approach is likely to be less accurate than if the geometry were obtained from, say, computed tomography scans of the distal radius of a person. Second, in the solid model of the distal radius, the dorsal wall of the cortical shell was retained, although, in some fracture patterns, such as AO/OTA A3 fracture, this is not the case [42] . Third, the solid model of the intact distal radius did not include any of the contiguous soft tissues, such as the radioscaphocapitate ligament. Fourth, simplifications were used in the constitutive material models for the bones and the bioresorbable polymer. The cortical and cancellous bones were each treated as linear elastic materials, when either 1) each of these bones could be modeled as transversely isotropic materials [14] ; or 2) high-resolution peripheral quantitative computed tomography Hounsfield number (HU) could be obtained for bone at various locations in the model and, then, a relationship between HU and bone properties could be used to determine bone properties [33] [36] [37] . A bioresorbable polymer was treated as linear elastic material when, in fact, it is nonlinear. Fifth, only one volar locking plate design was used, whereas, there are many designs used in clinical practice, with differences between them being in A. Zysk, G. Lewis World Journal of Engineering and Technology features such as plate cross-sectional dimensions (length, width, and thickness), screw dimensions (diameter and length), number of screws, location of screws on the plate, and angulation of the distal head of the plate and of the holes relative to the longitudinal axis of the radius. Each of these variables impacts the biomechanical responses of a construct that contains the plate. Sixth, quasi-static compression load was used, whereas, in many activities of daily living, the distal radius is subject to complex and fluctuating loading. Seventh, in computing factor of safety, we used the von Mises failure criterion. While this criterion is appropriate in the case of Ti-6Al-4V alloy and stainless steel, for a bioresorbable polymer, an alternative criterion, such as a hierarchical multiscale model [43] , may be preferred but the material property values needed to use this model are not available in the literature. The reason that we used the aforementioned limitations is that the purpose of our study was to compare biomechanical performance of models of a construct that included the fixator versus one that included the volar locking plate, with all other applicable parameters being the same.
We postulate theoretical clinical advantages of the proposed injectable bioresorbable polymer fixator over a volar plating system, such as being minimally invasive, allowing percutaneous pinning, easier to use in osteoporotic patients, having greater rotational stability, and incurring lower cost. At the same time, we recognize that the plausibility of the fixator will only be established through in vivo evaluation in a suitable animal model and, ultimately, in a clinical study.
Such work will allow issues, such as the effect of off-center positioning of the intramedullary rod in the intramedullary canal on stability of the fixator, extent of reduction of dorsal or volar angulation achieved, determination of acceptable operational conditions for intra-operative fluoroscopy (radiation dose and exposure duration), and implication of resorbability of the fixator for long-term healing of the fracture, to be examined in a systematic manner.
Conclusion
For simulated surgical treatment of a planar distal radius fracture, FEA was used to conduct a biomechanical comparison when a model of a notional novel fixator was used versus when a model of volar plating was used. A distinguishing feature of the study was determination of the influence of two characteristics of the fixator (modulus of elasticity of the polymer and the fracture gap fill ratio) and one characteristic of the volar plate (modulus of elasticity of the material of the plate and the screws) on stiffness and factor of safety of the model constructs. In future studies on these aspects, dynamic loading should be applied because it is the type of loading that is experienced at the distal radius during many activities of daily living. [31] 
